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Feline calicivirus (FCV) nonstructural proteins are translated as part of a large polyprotein that undergoes
autocatalytic processing by the virus-encoded 3C-like proteinase. In this study, we mapped three new cleavage
sites (E46/A47, E331/D332, and E685/N686) recognized by the virus proteinase in the N-terminal part of the open
reading frame 1 (ORF1) polyprotein to complete the processing map. Taken together with two sites we
identified previously (E960/A961 and E1071/S1072), the FCV ORF1 polyprotein contains five cleavage sites that
define the borders of six proteins with calculated molecular masses of 5.6, 32, 38.9, 30.1, 12.7, and 75.7 kDa,
which we designated p5.6, p32, p39 (NTPase), p30, p13 (VPg), and p76 (Pro-Pol), respectively. Mutagenesis of
the E to A in each of these cleavage sites in an infectious FCV cDNA clone was lethal for the virus, indicating
that these cleavages are essential in a productive virus infection. Mutagenesis of two cleavage sites (E1345/T1346

and E1419/G1420) within the 75.7-kDa Pro-Pol protein previously mapped in bacterial expression studies was
not lethal.

Feline calicivirus (FCV) is a common cause of upper respi-
ratory tract disease and oral ulceration in cats (8, 14). FCV is
classified in the genus Vesivirus of the family Caliciviridae. The
family is comprised of a number of animal viruses (vesicular
exanthema of swine virus, rabbit hemorrhagic disease virus
[RHDV], canine calicivirus, and San Miguel sea lion virus) as
well as human pathogens associated with acute gastroenteritis
(Norwalk-like and Sapporo-like viruses) (11).

FCV virions are small (�35 nm in diameter), nonenveloped,
icosahedral particles that possess a linear, polyadenylated pos-
itive-sense single-stranded RNA genome of �7.7 kb. The ge-
nome has three major open reading frames (ORFs): ORF1
(nucleotides [nt] 20 to 5308), ORF2 (nt 5314 to 7317), and
ORF3 (nt 7317 to 7634). The virus structural proteins, encoded
by ORF2 and -3, are expressed from an abundant subgenomic
RNA (3, 12, 24, 36). ORF2 encodes the capsid protein precur-
sor (73 kDa), which is cleaved by the FCV ORF1-encoded
proteinase into the 60-kDa mature capsid protein (VP1) and
the 14.2-kDa leader of the capsid (LC) (3, 36, 37). ORF3 is
located at the 3� end of the subgenomic RNA and has a 1-nt
overlap with ORF2. This small ORF encodes a minor struc-
tural protein designated VP2 (36).

FCV ORF1 encodes a large polyprotein that undergoes co-
translational proteolytic processing to yield several nonstruc-
tural proteins ranging in size from approximately 13 kDa to 96
kDa (2, 38). The 3C-like cysteine proteinase responsible for
this processing as well as that of the capsid protein precursor
has been mapped to the C-terminal part of the ORF1 polypro-
tein (37, 38). Four cleavage sites (E960/A961, E1071/S1072, E1345/
T1346, and E1419/G1420) recognized by the proteinase at various

efficiencies, were identified in this part of the ORF1 polypro-
tein in in vitro and bacterial expression studies (38). The E960/
A961 and E1071/S1072 cleavage sites defined the borders of the
12.7-kDa VPg protein (36, 38). Efficient processing of the
ORF1 polyprotein at the E1071/S1072 cleavage site led to re-
lease of the 75.7-kDa 3CD-like proteinase-polymerase (Pro-
Pol) protein. The Pro-Pol protein accumulates in FCV-in-
fected cells (38), and further proteolytic processing between
the proteinase and polymerase domains of recombinant Pro-
Pol was not required for polymerase activity in vitro (41). Two
internal cleavage sites in the Pro-Pol protein, E1345/T1346 and
E1419/G1420, were utilized less efficiently by the proteinase in
the in vitro studies, and their role in virus replication was not
clear (38).

The goal of the present work was to map the remaining
cleavage sites in the FCV nonstructural polyprotein and to
identify the cleavage events essential for virus growth. Our
study demonstrates that the FCV 3C-like proteinase mediates
at least three additional cleavages in the viral nonstructural
polyprotein when analyzed in vitro at positions E46/A47, E331/
D332, and E685/N686. Mutagenesis of individual nonstructural
polyprotein cleavage sites in an infectious FCV cDNA clone
demonstrated that the majority of cleavage events identified in
in vitro mapping studies are critical for productive virus infec-
tion.

MATERIALS AND METHODS

Cells and virus. Crandell-Rees feline kidney (CRFK) cells were maintained in
Eagle’s minimum essential medium containing amphotericin B (2.5 �g/ml),
chlortetracycline (25 �g/ml), penicillin (250 U/ml), and streptomycin (250 �g/ml)
and supplemented with 10% heat-inactivated fetal bovine serum. The source and
molecular characterization of the Urbana (URB) strain of FCV (GenBank
accession no. L40021) have been described previously (34).

Radiolabeling of virus-specific proteins. CRFK monolayers (106 cells) were
mock infected or infected with FCV at a multiplicity of infection (MOI) of 1 to
4 and incubated at 37°C. For radiolabeling of proteins, the cells were washed at
3.5 h postinfection with methionine- or cysteine-free growth medium and incu-
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bated in the same medium for 30 min. [35S]methionine (�1,000 Ci/mmol; Am-
ersham) or [35S]cysteine (�800 Ci/mmol; ICN) was added to cells at a concen-
tration of 100 �Ci/ml, and the cells were incubated for an additional hour. The
monolayer was washed with phosphate-buffered saline (PBS) before lysis in 500
�l of radioimmunoprecipitation assay buffer (31).

Plasmid construction. Standard recombinant DNA methods were used for
construction of plasmids (31). Construction of the plasmid pTMF-1 used for
analysis of proteolytic processing of the FCV ORF1 polyprotein was described
previously (37). The plasmid contained the entire ORF1 of the FCV genome,
with the exception of the two C-terminal codons.

To express the ORF1 sequence fused at its N terminus to a glutathione
S-transferase (GST)-TAG sequence (Novagen), plasmid pGSTF�Xm was con-
structed in two steps: first, plasmid pQ14, the full-length FCV cDNA clone (34),
was cleaved with AspI, followed by incubation with the Klenow fragment of DNA
polymerase I in the presence of dTTP and further treatment with EagI. The
4,547-bp AspI-EagI fragment was isolated and subcloned into SacI-EagI-digested
pET-23a plasmid (Novagen). In a second step, the resulting intermediate plas-
mid p23F�Xm was digested with NheI and EagI, and the 4,591-bp NheI-EagI
fragment was isolated and subcloned into SpeI-EagI-digested pET-41b plasmid
(Novagen). The selected clone, pGSTF�Xm, encoded ORF1 polyprotein se-
quence from amino acid (aa) 2 to 1517 fused to an N-terminal GST-TAG
sequence that was engineered immediately downstream from the T7 RNA poly-
merase promoter.

In order to analyze processing by the virus proteinase at the junction of the 38-
and 30-kDa protein sequences, the corresponding regions of ORF1 polyprotein
were amplified and subcloned into the pET-28b vector (Novagen) in two steps.
First, a DNA fragment containing a truncated sequence of the Pro-Pol protein
was amplified from plasmid pQ14 by using oligonucleotides 5�-acatataagcttTCT
GGACCCGGCACC-3� and 5�-agatagctcgagttaTTCTGAGGAAATGTTCAC-
3� (38). The sequence of the first oligonucleotide contained 15 nt corresponding
to the beginning of the 3C-like proteinase gene (nt 3233 to 3247 [uppercase]) and
included a HindIII site (underlined). The second oligonucleotide corresponded
to the sequence complementary to nt 4037 to 4054 of the FCV genome (upper-
case) and included an engineered termination codon (boldface) and an XhoI site
(underlined). The purified PCR fragment was treated with HindIII and XhoI and
ligated into HindIII-XhoI-linearized pET-28b. The resulting plasmid was desig-
nated pHP. The next step used oligonucleotides 5�-atacatatggctagcGTTTGTAT
TGTTGACGAG-3� and 5�-tatataaaagtcgactgcttcaCCTCCGGCTCGAATCAC-
3� to amplify the DNA fragment corresponding to the 38-kDa–30-kDa protein
junction sequence. The sequence of the first oligonucleotide contained 18 nt
corresponding to nt 1589 to 1606 of the FCV genome (uppercase) and included
an NheI site (underlined). The second oligonucleotide contained the sequence
complementary to nt 2696 to 2712 (uppercase) and a SalGI site (underlined).
The purified PCR-fragment was treated with NheI and SalGI and ligated into
NheI-SalGI-linearized pHP. The resulting plasmid, designated pCAC, contained
the 38-kDa–30-kDa protein junction sequence fused in frame at its C terminus
to the 3C-like proteinase sequence and at its N terminus to the vector sequence.

The chimeric sequence was placed under control of the T7 RNA polymerase
promoter and downstream from the bacterial ribosome-binding site. The plasmid
was verified by sequence analysis and employed in in vitro and bacterial expres-
sion studies.

In order to raise antisera specific to FCV proteins, selected regions of the virus
genome were PCR amplified from plasmid pQ14 as template and cloned into the
bacterial expression vector pET-28b (Novagen). The primer sequences and re-
gions amplified are presented in Table 1. Purified PCR fragments from each
region were treated either with BamHI and NotI or with HindIII and XhoI and
ligated into the pET-28b vector linearized with the corresponding pair of en-
zymes. The resulting plasmids contained FCV ORF1 sequences fused to the
vector sequence encoding an N-terminal six-histidine tag under the control of the
T7 RNA polymerase promoter and placed downstream from the bacterial ribo-
some-binding site. All plasmids were verified by sequence analysis before expres-
sion in bacteria.

To express the FCV ORF1 sequences encoding p32 (aa 47 to 331), p39 (aa 332
to 685), and p30 (aa 686 to 960); the corresponding regions were PCR amplified
from plasmid pQ14 as a template. The oligonucleotide pairs employed to amplify
these regions were 5�-tataatacgcgtacctgcccgccatgGCTTGTCCTTCTTG-3� and
5�-tataatgcggccgctgcagttatcaCTCTGATCTAAACCCTG-3�, 5�-tataatacgcgtacca
ccatgGATGTGGCAAACTCATTC-3� and 5�-tataatgcggccgctgcagttatcaCTCCG
CTTCAAATGCCATG-3�, and 5�-tataatacgcgtacctgcccgccatgAATGGACATA
GTGAGCAC-3� and 5�-tataatgcggccgctgcagttatcaTTCAGATTTGGGTCTAA
ACC-3�, respectively. The sequence of the first oligonucleotide contained
nucleotides corresponding to the beginning of the protein gene sequence (up-
percase) and included an initiation codon (boldface) and an MluI site (under-
lined). The second oligonucleotide corresponded to the sequence complemen-
tary to the end of the protein gene sequence (uppercase) and contained a
termination codon (boldface) and a NotI site (underlined). Purified PCR frag-
ments were treated with MluI and NotI and ligated into the pCI vector (Pro-
mega) linearized with the corresponding enzymes. The resulting plasmids (p47/
331, p332/685, and p686/960) contained p32, p39, and p30 gene sequences,
respectively, starting with a methionine codon and placed under control of the T7
RNA polymerase promoter. The plasmids were verified by sequence analysis and
employed in in vitro expression studies.

Bacterial expression of the recombinant proteins, purification, and produc-
tion of specific antiserum. The expression of recombinant proteins in E. coli
BL21(DE3) cells was performed as previously described (37). The six-His-tagged
recombinant proteins of the insoluble fraction were purified by the immobilized-
metal affinity chromatography (IMAC) method with Ni-nitrilotriacetic (NTA)
agarose (Qiagen). The purified proteins were dialyzed twice against a 1,000�
volume of PBS and were used for immunization of guinea pigs as described
previously (38). Production of Pro-Pol-specific serum was described previously
(38).

In vitro translation assay. One to 5 �g of plasmid DNA was used as the
template in a coupled transcription and translation reaction (TNT T7 coupled
reticulocyte lysate system; Promega). For radiolabeling of synthesized protein,

TABLE 1. PCR primers used in construction of bacterial expression vectors

Region Sequencea Nucleotide
positions

Amino acid
position

Expression
vector

Calculated mol
mass (kDa)b

A atataggatccgATGTCTCAAACTCTG 20–36 1–139 p2AB 19.1
ttaatttgcggccgcctaTTCAGCCATAACCAACAG

B4 ggtagggatccaGCTTGTCCTTCTTGTGCC 158–436 47–139 p2B5 13.5
ttaatttgcggccgcctaTTCAGCCATAACCAACAG

B3 ggtcgggatccgCAACGCTCTAGGTCGACACTC 449–1012 144–331 p2B3 25.3
tttatatgcggccgcctaCTCTGATCTAAACCC

B2 ggtcggatccgGCTGCCAAACAAAAACTAAGG 653–1195 212–392 p2B2 23.5
ttatatagcggccgcctaTTCAGAATTCCATGTTGC

C atataggatccgGTTTGTATTGTTGACGAG 1589–2068 524–683 p2C 21.5
tattaaagcggccgcctaTTCAAATGCCATGTTTTTC

D3 ggtcgggatccgGCCTCTAGCTCCATTGGG 220–2713 728–898 p3A3 22.1
tattagcggccgctaACCTCCGGCTCGAATCAC

D1 ggtcgggatccgGGAAACTGTGTGCAATC 2312–2899 765–960 p3A1 25.1
gtatatgcggccgcctaTTCAGATTTGGGTCTAAAC

F acatataagcttTCTGGACCCGGCACC 3233–3595 1072–192 p3C 17.4
gtatatctcgagctaATCTCCTGGGTGAG

a The nonviral sequences of the oligonucleotides are shown in lowercase. Restriction sites used for subcloning of corresponding PCR fragments are underlined.
Sequences corresponding to a termination codon in the oligonucleotides complementary to the FCV genomic sequence are in boldface.

b Calculated molecular masses are given for encoded recombinant proteins.
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[35S]methionine (�1,000 Ci/mmol; Amersham) or [35S]cysteine (�800 Ci/mmol;
ICN) was used at a concentration of 1.5 mCi/ml.

Immunoprecipitation analysis. Immunoprecipitations of viral proteins from
infected-cell lysates and in vitro translation mixtures were performed as de-
scribed previously (38) with region-specific antisera. The GST-TAG fusion pro-
teins were immunoprecipitated with commercial rabbit polyclonal antiserum
specific for the GST protein (Sigma).

Nucleotide and protein sequencing. Nucleotide sequence analysis of DNA was
performed with the Big Dye Terminator Cycle Sequencing Ready Reaction kit
(Perkin-Elmer), and the sequencing products were resolved on an automated
sequencer, ABI 310 (Applied Biosystems).

Direct N-terminal sequence analysis of the radiolabeled virus-specific proteins
was conducted as follows. Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with Tricine running buffer
(Invitrogen), transferred to a ProBlott membrane (Applied Biosystems), and
located by autoradiography. The band of interest was excised and subjected to
automated protein analysis. Edman degradation of protein was performed on an
Applied Biosystems model 477A pulse liquid protein sequencer. A modified
anilino-thiazolinone cycle (as described by the manufacturer) was used. The
standard plumbing of the instrument was modified so that the cleaved amino acid
derivative at each degradation cycle was delivered and collected by a fraction
collector. The fractions were added to vials and counted for radioactivity in a
Beckman scintillation counter.

Direct N-terminal sequence analysis of proteins expressed and purified from
bacterial cells was conducted as described previously (37).

Site-directed mutagenesis of the FCV full-length cDNA clone. The Quick-
Change site-directed mutagenesis kit (Stratagene) was utilized to introduce
amino acid substitutions into the FCV ORF1 polyprotein coding sequence in the
plasmid pQ14. Sense and antisense primers (Table 2) were employed in PCR
mutagenesis, which was conducted according to the manufacturer’s protocol.
Clones were screened by sequence analysis, and plasmids containing the desired
mutations in the cleavage site were subjected to complete genome sequence
analysis. No other mutations elsewhere in the genome were found for plasmids
pF3, pF10, pF22, pF36, pF65, pF71, and pF87. A single nucleotide substitution
each was found in pF5 (nt 3988, G 224 T) and pF77 (nt 4873, C 224 A). The
nucleotide substitutions were both located in the third position of a codon and
did not affect the amino acid sequence of the encoded protein. The nucleotide
substitution at position 4873 of pF77 was conserved with FCV strain CFI/68
(GenBank accession no. U13992).

Recovery experiments. Recovery of virus from plasmid DNA by using the
MVA/T7 expression system was conducted by a protocol similar to that described
previously (35). Briefly, confluent CRFK cell monolayers (2 � 106 cells) were
infected with MVA/T7 at an MOI of 10 and incubated for 1.5 h at 37°C. Cells
then were washed two times with Opti-MEM I (Invitrogen), and the plasmid
transfection mixture was added. The transfection mixture was prepared as fol-
lows. One to 2 �g of plasmid DNA was diluted in 100 �l of Opti-MEM I, and 6
�l of Lipofectamine plus reagent (Invitrogen) was added, followed by incubation
at room temperature for 15 min. The mixture was then combined with 100 �l of
Opti-MEM I containing 4 �l of Lipofectamine (Invitrogen) and incubated at
room temperature for an additional 15 min. Before addition to washed cells, the
Lipofectamine-DNA solution was diluted to 1 ml with Opti-MEM I. Cells were
incubated with the transfection mixture for 3 h at 37°C before the Lipofectamine-
DNA-containing medium was replaced with 2 ml of maintenance medium. Fol-
lowing incubation for 24 h at 37°C, medium from the transfected cell monolayer
was transferred to a fresh cell monolayer, and recovery of the virus was verified

by plaque formation assay and immunofluorescent staining with serum raised in
guinea pigs against FCV virions as described previously (34).

The presence of engineered mutations in the genomes of recovered viruses
was confirmed by direct sequence analysis of reverse transcriptase (RT)-PCR
products derived from viral RNA as described previously (37).

RESULTS

Generation and characterization of a panel of FCV ORF1
region-specific antisera. Our previous studies demonstrated
that the 3C-like proteinase encoded in the C-terminal part of
the FCV ORF1 was responsible for autocatalytic processing of
the ORF1 polyprotein. We had directly mapped the cleavage
sites bordering the proteinase as well as those for the virus VPg
by N-terminal sequence analysis of cleaved proteins obtained
by expression of the C-terminal part of ORF1 in bacteria (38).
In order to map the remaining upstream polyprotein cleavage
sites of FCV, we initially attempted expression of larger frag-
ments in bacteria. However, the levels of expression were in-
sufficient for direct sequence analysis. We then developed a
strategy for mapping that involved the microsequencing of
radioactively labeled proteins produced in in vitro translation
reactions coupled with the generation of region-specific anti-
sera to confirm the localization of the coding sequence in the
genome. To generate a panel of sera specific for the FCV
nonstructural proteins, several regions were chosen for expres-
sion in bacteria (Fig. 1A and Table 1) as six-histidine-tagged
fusion proteins by using the pET-28b plasmid (Novagen). One
exception was the N-terminal region of the VPg protein (des-
ignated as region E in Fig. 1A), from which a 20-aa peptide was
synthesized to raise antisera (36). The recombinant plasmids
were transformed into E. coli (BL21) cells, and protein expres-
sion was induced by addition of 1 mM isopropyl-�-D-thioga-
lactopyranoside (IPTG). For plasmids p2AB (region A), p2B5
(region B4), p2C (region C), and p3C (region F), SDS-PAGE
analysis of the IPTG-induced bacterial cells followed by Coo-
massie blue staining demonstrated efficient expression of pro-
teins of the expected size (data not shown). Plasmid p3A3
(region D3, aa 728 to 898) also showed efficient expression, but
the mobility of the recombinant protein was higher (observed
mass, 18 to 19 kDa) than expected (22.1 kDa), although no
sequence errors were present in the cDNA clone (Fig. 1B).
Expression of plasmid p3A1 (region D1, aa 765 to 960) re-
sulted in a small amount of protein (data not shown). Plasmid
p2B3 (region B3, aa 144 to 331) and plasmid p2B2 (region B2,
aa 212 to 392) could not be expressed to detectable levels (data

TABLE 2. Primers used to introduce cleavage site mutations into FCV full-length cDNA clone

Localization Sequencea Amino acid
change(s)

Full-length
cDNA clone

Virus
recovery

p5.6 1 5�-GTAAAAGAAATTTGAGACAAAGTCTCAAACTCTGAGC-3� 37 1M31K pF10 	
p5.6/p32 143 5�-CCTATAAGGGCAGCCGCTTGTCCTTCTTGTGCC-3� 175 46EA346AA pF22 	
p32/p39 998 5�-GGGTTTAGATCAGCCGATGTGGCAAACTCATTCTGG-3� 1033 331ED3331AD pF71 	
p39/p30 2056 5�-CATGGCATTTGCCGCGGAGAATGGACATAG-3� 2085 683EAEN3683AAEN pF65 �
p39/p30 2059 5�-GGCATTTGAAGCGGCCAATGGACATAGTGAGC-3� 2090 683EAEN3683EAAN pF36 	
p30/VPg 2880 5�-GGTTTAGACCCAAATCTGCCGCCAAAGGAAAAAC-3� 2913 960EA3960AA pF77 	
VPg/Pro-Pol 3215 5�-GTTAGCTTTGCTGAAGCCTCTGGACCCGGCACC-3� 3247 1071ES31071AS pF87 	
Pro-Pol 4042 5�-CATTTCCTCAGCCACCTCTATGCTATC-3� 4068 1345ET31345AT pF3 �
Pro-Pol 4262 5�-GAAAAGGTTGCTGCCGGAAAGCGAAGG-3� 4288 1419EG31419AG pF5 �

a The sequence of the sense primer is shown. The antisense primer (not shown) was the precise reverse and complementary sequence. The nucleotide positions of
the beginning and the end of each of the primers in the FCV genome are indicated. Nucleotide substitutions are in bold, and cleavage site codons are underlined.
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not shown). Similar problems associated with efficiency of ex-
pression of these regions in bacteria were described for RHDV
(43).

Most of the expressed proteins were found in the insoluble
fraction of the bacterial lysate. A general purification proce-
dure included solubilization of the inclusion bodies in urea,
binding of protein to an Ni-NTA agarose column, and consec-
utive washing and elution of proteins by changing the pH of the
buffer. Eluted proteins were more than 90% pure (Fig. 1B) and
were used to immunize guinea pigs. The specificity of the
antisera against regions B4, C, D3, and F was examined by
immunoprecipitation analysis of radiolabeled proteins synthe-
sized in vitro from pTMF1 (ORF1 polyprotein) (Fig. 1C). The
preimmunization sera did not recognize the FCV ORF1 TNT
products (Fig. 1C, lanes 2, 4, 6, and 8, respectively), whereas
the postimmunization sera demonstrated specific recognition
of proteins in the TNT mixture (Fig. 1C, lanes 3, 5, 7, and 9,
respectively).

The specificity of the new antisera was then examined by

FIG. 1. Localization and expression of FCV polyprotein fragments
in E. coli. (A) Schematic diagram showing the organization of the FCV
genome and location of cDNA fragments expressed in E. coli. The
FCV ORF1 proteins, VPg and Pro-Pol, as well as the domain with
amino acid homology to the picornavirus NTPase (nt 1445 to 2101)
described by Neill (23) and the RHDV NTPase (19) are indicated as
light gray boxes. The dipeptide cleavage sites previously identified (38)
and the putative cleavage sites analyzed in the present study are indi-
cated. The cDNA fragments efficiently expressed in E. coli are de-
picted as dark gray bars. The cDNA fragments corresponding to the
B2, B3, and D1 regions that were found to be toxic for bacterial cells
are shown as hatched gray bars. Bar E represents the peptide sequence
corresponding to the beginning of the putative VPg. (B) Fusion pro-
teins corresponding to regions A, B4, C, D3, and F were purified with
Ni-NTA agarose. Aliquots were analyzed by SDS-PAGE followed by
Coomassie blue staining. The expression levels of B2, B3, and D1
sequences were minimal. MW, molecular mass. (C) Immunoprecipi-
tation of proteins obtained in coupled TNT reaction from pTMF1
(ORF1) with antisera raised against purified recombinant B4, C, D3,
and F proteins. The radiolabeled in vitro translation products derived
from pTMF1 (lane 1) were precipitated with either pre- or postimmu-
nization sera raised against B4 protein (lanes 2 and 3), C protein (lanes
4 and 5), D3 protein (lanes 6 and 7), and F protein (lanes 8 and 9),
subjected to SDS-PAGE, and visualized by autoradiography. (D) The
same panel of antisera was analyzed for specificity by immunoprecipi-
tation of radiolabeled proteins produced in FCV- or mock-infected
CRFK cells. The CRFK cells were infected at an MOI of 1 to 4 with
the FCV URB strain or mock infected. At 3.5 h postinfection, cells
were metabolically labeled with [35S]methionine for 1 h. The radiola-
beled proteins were immunoprecipitated from cell lysates, subjected to
SDS-PAGE, and visualized by autoradiography. Radiolabeled proteins
from FCV-infected CRFK cells that underwent immunoprecipitation
with either pre- or postimmunization sera are shown as follows: lanes
1 and 2, anti-B4 sera; lanes 4 and 5, anti-C sera; lanes 7 and 8, anti-D3
sera; lanes 10 and 11, anti-F sera; and lanes 13 and 14, anti-FCV sera.
As a control for cellular proteins that could be precipitated with the
postimmunization sera, radiolabeled proteins precipitated from mock-
infected CRFK cells with corresponding postimmunization sera are
included as follows: lane 3, anti-B4 serum; lane 6, anti-C serum; lane
9, anti-D3 serum; lane 12, anti-F serum; and lane 15, anti-FCV serum.
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immunoprecipitation analysis of radiolabeled proteins from
mock- and FCV-infected cells. The specificity of each anti-
serum was similar to that observed with the ORF1 TNT prod-
ucts (Fig. 1D), although there were more minor bands in the
cell lysates. A minor band corresponding to an approximately
60-kDa protein was frequently observed in immunoprecipita-
tion experiments with the FCV-infected cell lysates (Fig. 1D
and Fig. 2), but was not observed in mock-infected cells (Fig.
1D, lanes 3, 6, 9, 12, and 15). This protein comigrated with the
virus capsid protein that was precipitated by antisera raised
against FCV virions (Fig. 1D, lane 14) and likely represents
coprecipitating traces of the FCV capsid protein, which is
abundant in infected cells.

Localization of the FCV nonstructural proteins by immuno-
precipitation. The ORF1 region-specific antisera were then
used to localize the coding sequences for FCV nonstructural
proteins in the genome. Figure 2 contains a direct comparison
of immunoprecipitated radiolabeled proteins synthesized in
FCV-infected cells or in vitro from the FCV ORF1 clone
pTMF-1.

Antiserum to the B4 region (near the N terminus of ORF1)
precipitated a protein of approximately 32 kDa from infected
cells and from the in vitro translation mixture derived from
pTMF-1 (Fig. 2, lanes 1 and 2), which we designated p32. The
protein profile was similar for the anti-A region serum (data
not shown).

Antiserum to the C region (corresponding to the 2C-like
protein region) precipitated a protein with a molecular mass of
approximately 38 to 39 kDa from both FCV-infected cells and
the ORF1 TNT lysate (Fig. 2, lanes 3 and 4), which we desig-
nated p39. Faint bands corresponding to proteins with molec-
ular masses of approximately 71 and 77 kDa were observed

among proteins precipitated by anti-C and anti-B4 sera (Fig. 2,
lanes 1 to 4).

Antiserum to the D3 region (raised against aa 728 to 898 of
the ORF1 polyprotein) precipitated two major proteins with
masses of approximately 43 and 30 kDa (Fig. 2, lanes 5 and 6),
which we designated p43 and p30, respectively. In addition, a
minor band corresponding to an approximately 120-kDa pro-
tein (designated p120) was observed in the FCV-infected cell
lysate (Fig. 2, lane 5). In the lane corresponding to the proteins
immunoprecipitated from the in vitro translation mixture (Fig.
2, lane 6), the 120-kDa band was detectable only after pro-
longed exposure of the gel (data not shown).

Further analysis showed that p43 was immunoprecipitated
efficiently with antiserum to the region E peptide (correspond-
ing to the VPg), whereas p30 was not (Fig. 2, lanes 7 and 8).
The anti-Pro-Pol serum we characterized previously (38) pre-
cipitated the 76- to 78-kDa Pro-Pol precursor in both FCV-
infected cells and the TNT lysate, but did not recognize the 43-
and 30-kDa proteins. The anti-F serum (shown previously in
Fig. 1) developed against the N terminus of Pro-Pol showed a
similar result. We then deduced that p43 overlaps the VPg and
contains sequences upstream of it. Given that the VPg se-
quence comprises the C-terminal part of p43, the N-terminal
part of this protein should be a protein with a molecular mass
of approximately 30 kDa (assuming that cleavage occurs at the
E960/A961 site defined in our earlier bacterial expression stud-
ies). Thus, p30 would correspond to the protein located just
upstream of the virus VPg.

The anti-VPg-peptide (anti-E) serum also precipitated a
small 13- to 14-kDa protein and two larger proteins with mo-
lecular masses of 88 to 89 kDa (designated p88) and 120 kDa
(p120) (Fig. 2, lanes 7 and 8), which were consistent with our
previous study (36). These large-molecular-mass proteins were
also recognized by anti-Pro-Pol serum (Fig. 2, lanes 9 and 10).
It should be noted that detection of the two bands correspond-
ing to these proteins precipitated from the in vitro translation
mixture required a longer exposure of the gel. The major
proteins precipitated by anti-Pro-Pol serum were a 76-kDa
protein in the infected cell lysate and a 78-kDa protein in the
ORF1 translation mixture (Fig. 2, lanes 9 and 10). The ob-
served difference in protein size reflects the presence of a fused
vector sequence at the C terminus of the Pro-Pol protein in the
pTMF-1 vector (37, 38).

On the basis of these results, it was possible to propose the
following organization of the FCV ORF1 polyprotein: NH2-
p32-p39-p30-VPg-Pro-Pol.

Direct mapping of p32. Microsequencing was performed by
radiolabeling the proteins derived by in vitro translation of the
pTMF-1 ORF1 clone in the presence of [35S]cysteine or
[35S]methionine and sequencing the N terminus by Edman
degradation. Mapping p32 in the pTMF-1 ORF1 translation
products involved the radiolabeling of the products with
[35S]cysteine. Direct microsequencing analysis indicated sub-
stantial yields of radioactivity for residues 2 and 5, and a third
less-intense peak of radioactivity was found at position 11 (Fig.
3A). A computer search identified this pattern of cysteines as
unique and was consistent with cleavage at aa 47 near the N
terminus of the polyprotein. We compared the microsequenc-
ing profile of p32 derived from the ORF1 clone to that of the

FIG. 2. Comparative immunoprecipitation analysis of virus-specific
proteins derived from ORF1. Shown are the results of SDS-PAGE
analysis of the radiolabeled FCV ORF1 polyprotein cleavage products
that were immunoprecipitated from FCV-infected cells (c) with ORF1
region-specific antisera (lanes 1, 3, 5, 7, and 9) or ORF1 in vitro
translation mixture (t) (lanes 2, 4, 6, 8, and 10). Lane 11, radiolabeled
TNT products derived from the ORF1 clone (pTMF-1).
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[35S]cysteine-radiolabeled p32 synthesized in FCV-infected
cells. A plot of the radioactivity showed similar peaks (Fig. 3B).

The localization of a predicted cleavage site (E/A) at aa 46
to 47 was evidence for initiation of translation at the first AUG
of ORF1 polyprotein that would produce a small N-terminal
protein of approximately 5.6 kDa. However, we were not able
to detect the predicted 5.6-kDa protein in an immunoprecipi-
tation analysis of radiolabeled FCV-infected cells by using
either anti-A serum or serum raised in rabbits against a pep-
tide corresponding to the first 20 aa of the ORF1 polyprotein
(data not shown).

To confirm the synthesis of the N-terminal cleavage product
in vitro, we constructed plasmid pGSTF�Xm, which encoded
an ORF1 polyprotein sequence that was fused to a GST-TAG
sequence at the N terminus and truncated in the polymerase
region (Fig. 4A). The additional N-terminal sequence and the
truncated polymerase region did not affect proteolytic process-
ing activity. Cleavage products were produced from both plas-
mids p23F�Xm (ORF1 without the N-terminal GST-TAG)
and pGSTF�Xm (ORF1 with the N-terminal GST-TAG) (Fig.
4B, lanes 1, 2, and 3). The 50-kDa band (not present in
pTMF-1; Fig. 4B, lane 1) corresponded to the truncated Pro-
Pol sequence encoded by these plasmids (Fig. 4B, lanes 2 and
3). The approximately 78-kDa protein (with a mobility similar
to that of Pro-Pol) observed in translation products derived
from p23F�Xm (Fig. 4B, lane 2) corresponded to the N-ter-
minal part of the FCV ORF1 fused to the polylinker sequence
of the pET-23a vector based on our previous studies with
similar ORF1-encoded plasmids (38). In addition, this protein

was not precipitated by anti-Pro-Pol serum (data not shown).
In order to identify a potential fusion protein containing the
GST-TAG sequence, an immunoprecipitation was performed
with GST-specific antibodies. A positive control (plasmid pET-
41b, either uncut or cut with SpeI) was used to demonstrate the
specific binding of the GST antibodies. The GST antibodies
precipitated a protein with a molecular mass of approximately
35 to 36 kDa from uncut plasmid pET-41b-derived translation
products that represented the GST-TAG protein sequence
fused to the entire polylinker sequence encoded by this vector
(Fig. 4B, lane 9). The pET-41b control plasmid was cut with
SpeI to exclude the polylinker sequence, and the GST antibod-
ies precipitated an approximately 26-kDa protein from the
translation products, consistent with the molecular mass of the
GST-TAG protein alone (Fig. 4B, lane 8). The GST-specific
antibodies did not react with TNT products derived from
p23F�Xm, which did not contain the GST-TAG sequence
(Fig. 4B, lane 6). The GST antibodies were then used to ex-
amine the TNT products derived from the plasmid
pGSTF�Xm (Fig. 4B, lane 7). The observed protein with a
molecular mass of approximately 32 to 33 kDa corresponded in
size to a predicted fusion protein containing the GST polypep-
tide (25.9 kDa), polylinker sequence (1.6 kDa), and the small
FCV ORF1 N-terminal protein (5.6 kDa), which would be
produced by cleavage at E46/A47.

Indirect evidence for the importance of the cleavage of this
small protein from the N terminus of the polyprotein was
obtained when the sequence of the cleavage site between the
predicted 5.6-kDa protein and p32 was mutagenized (E46/A47

FIG. 3. Direct mapping of p32 and p39. Coupled transcription and translation of pTMF-1 were performed in the TNT system in the presence
of [35S]cysteine. p32 was electrotransferred onto a polyvinylidene difluoride membrane following SDS-PAGE and subjected to microsequencing.
The released radioactivity was determined for each cycle and is plotted against the residue number (A). To perform microsequence analysis of p32
synthesized in FCV-infected cells, the cells were labeled with [35S]cysteine, lysates were prepared, and radiolabeled protein was immunoprecipi-
tated with anti-B4 serum. p32 was isolated and subjected to microsequence analysis as described above (B). For direct mapping of p39 protein,
the coupled transcription and translation of pTMF-1 were performed in the presence of [35S]methionine or [35S]cysteine. Following gel separation,
electrotransfer onto a polyvinylidene difluoride membrane, and microsequencing, the released radioactivity was determined for each cycle.
Sequencing profiles for [35S]methionine and [35S]cysteine-labeled p39 are shown in panels C and D, respectively.
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into A46/A47) in the FCV full-length cDNA clone (pQ14), so
that it could not be cleaved by the virus-encoded 3C-like pro-
teinase. Following verification of the mutagenized genome se-
quence, the resulting plasmid, pF22 (Table 2), was analyzed in
transfection experiments. Transfection of the parental pQ14
plasmid DNA into MVA/T7-infected CRFK cells resulted in
intracellular transcription of the genome and subsequent pro-
duction of infectious FCV. However, virus could not be recov-
ered from cells transfected with plasmid pF22, indicating that
this mutation was lethal for the virus. In addition, mutagenesis
of the first AUG codon in ORF1 into AAG was lethal (plasmid
pF10), suggesting that synthesis of the extreme N terminus of
the polyprotein is essential.

Direct mapping of p39. The p39 protein was labeled sep-
arately with [35S]methionine and [35S]cysteine in a TNT re-
action of pTMF-1. The microsequencing profiles of the [35S]
methionine and [35S]cysteine-labeled 38-kDa protein demon-

strated that residue 9 is a methionine (Fig. 3C) and residue 15
is a cysteine (Fig. 3D). A computer search indicated that this
pattern was unique and corresponded to cleavage at position
331. Of interest, the region near the sequence of this E331/D332

cleavage site in the FCV polyprotein shared similarity with the
region surrounding the Q399/G400 cleavage site described for
Southampton virus (SHV). The FCV protein shares sequence
relatedness with the SHV and RHDV NTPases (19, 27). Sub-
stitution of E331 for A331, which would abrogate the E331/D332

cleavage site, prevented recovery of viable virus when MVA/
T7-infected CRFK cells were transfected with the correspond-
ing plasmid, pF71 (Table 2).

Mapping of p43 and p30. We were unable to map the N-
terminal sequence of p43 and p30 definitively by the microse-
quencing technique. The localization of this protein on the
map of ORF1 polyprotein was predicted on the basis of im-
munoprecipitation data (see above). The FCV ORF1 polypro-

FIG. 4. Detection of the N-terminal cleavage product of the ORF1
polyprotein fused to a GST-TAG sequence. (A) Localization of clones
pTMF-1 (ORF1 clone), p23F�Xm, pGSTF�Xm, on the FCV ORF1
map. Plasmids were engineered as described in Materials and Meth-
ods. The GST-TAG sequence in pGSTF�Xm is shown as hatched gray
bar. The polylinker sequence originating from plasmid pET-23a (No-
vagen), which was used to construct plasmid p23F�Xm, is indicated by
an open bar. (B) SDS-PAGE analysis of the products obtained in TNT
reactions and immunoprecipitation (IP) analysis with the GST-specific
antibodies. Radiolabeled TNT translation products derived from the in-
dicated plasmid are shown as follows: lane 1, pTMF-1; lane 2, p23F�Xm;
lane 3, pGSTF�Xm; lane 4, pET-41b linearized (L) with SpeI; lane 5,
pET-41b. The radiolabeled in vitro translation products derived from
p23F�Xm, pGSTF�Xm, pET-41b linearized with SpeI, and pET-41b
were subjected to immunoprecipitation analysis with anti-GST anti-
bodies (Sigma) and analyzed on the same gel: lane 6, p23F�Xm; lane
7, pGSTF�Xm; lane 8, pET-41b linearized with SpeI; and lane 9,
pET-41b. Small arrows indicate the protein band that corresponds to
the GST-TAG-polylinker-p5.6 fusion protein. MW, molecular mass.
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tein sequence corresponding to the putative border between
p39 and p30 was aligned with the corresponding regions from
the SHV and RHDV polyproteins (Fig. 5A). The analogous
location in the FCV ORF1 polyprotein showed two adjacent
dipeptide sequences with potential for recognition by the virus
3C-like proteinase. In order to identify the correct N-terminal
border of this protein, we first expressed large fragments of
ORF1 overlapping the sequences of p39, p30, VPg, and the
3C-like proteinase sequence in E. coli (data not shown). How-
ever, expression levels were low. Further analysis of plasmids
encoding p30 suggested a toxic effect from the C terminus
(data not shown). To overcome this problem, we constructed a
plasmid (pCAC) encoding the C-terminal part of p39 and the
N-terminal sequence of p30 fused to the complete sequence of
the 3C-like proteinase (Fig. 5B). The deletion of the C-termi-

nal part of p30 in pCAC plasmid allowed efficient expression in
vitro and in bacteria of two major proteins of approximately
53 and 20 kDa (Fig. 5C, lanes 2 and 7). Analysis of the 53-
kDa protein expressed in bacteria identified the sequence
NGHSEHRYGF consistent with cleavage at aa 685 to 686 of
ORF1. Sites E685/N686 and E960/A961 (38) defined the borders
of a protein with a calculated molecular mass of 30.1 kDa that
mapped just upstream of VPg.

Further evidence for the utilization of the E685/N686 site was
obtained in mutagenesis experiments. When this cleavage site
(E685/N686) was changed into A685/N686 in the full-length
cDNA clone (plasmid pF36), we could not detect virus repli-
cation. However, changing the upstream E683/A684 site into
A683/A684 (plasmid pF65) did not affect virus viability, because
transfection of the MVA/T7-infected CRFK cells with plasmid
pF61 led to the production of infectious FCV particles. The
recovered virus demonstrated growth rate and plaque size
characteristics similar to those of the wild-type virus (data not
shown). Immunoprecipitation analysis with anti-D3 serum
showed identical protein processing for viruses generated from

FIG. 5. Analysis of the cleavage site between p39 and p30. (A) An
alignment of the deduced amino acid sequences of the putative junc-
tion of the FCV p39 and p30 with the corresponding regions of RHDV
(GenBank accession no. M67473) and SHV (GenBank accession no.
L07418) was created with the Multalin computer program (5) with the
following parameters: gap weight, 5.0; gap length weight, 0. The num-
bers given next to the protein sequences correspond to numbering
systems for the virus polyproteins. Identical and similar amino acids of
calicivirus sequences are shaded in dark and light tones, respectively.
The sequence of the putative N-terminal cleavage site of the FCV p39
is underlined. Arrows are used to indicate the corresponding cleavage
sites in sequences of the RHDV and SHV polyproteins. (B) Schematic
representation of the pCAC plasmid, which was engineered to contain
the p39-p30 junction and an active 3C-like proteinase. The entire VPg
sequence and C-terminus sequence of p30 were deleted. (C) SDS-
PAGE analysis of proteins encoded in pCAC when expressed in vitro
and in E. coli. Lanes: 1 and 2, in vitro TNT translation products derived
from pET-28b (vector) and pCAC, respectively (autoradiography); 3,
electrophoresis calibration kit protein markers (Pharmacia) corre-
sponding to molecular masses of 94, 67, 43, 30, 20, and 14 kDa (from
top to bottom of gel); 4 and 5, soluble (solub) and insoluble (insolub)
fractions of induced bacterial cells transformed with pET-28b, respec-
tively; 6 and 7, soluble and insoluble fractions of induced bacterial cells
transformed with pCAC; 8, purified 21.6-kDa recombinant protein
encoded by plasmid p2C. Proteins in lanes 3 to 8 were detected by
Coomassie blue staining. Arrows point to the two major pCAC pro-
teins expressed in both in vitro translation reactions and in bacteria.
The N-terminal sequence of the 53-kDa protein (NGHSEHRYGF) is
shown.

VOL. 76, 2002 FELINE CALICIVIRUS NONSTRUCTURAL POLYPROTEIN 7067



the parental clone and pF65 plasmid as well as for wild-type
virus (Fig. 6A, lanes 2, 4, and 5). The 2-nt substitutions intro-
duced into the E683/A684 dipeptide sequence were verified in
the RNA genome of the virus recovered from the plasmid
pF65.

The ORF1 sequences bordered by cleavage sites E46/A47

and E331/D332, E331/D332 and E685/N686, E685/N686 and E960/
A961 were subcloned into the pCI vector under control of the
T7 RNA polymerase promoter in order to compare the mo-
bility of proteins expressed individually with those produced by
cleavage of the ORF1 polyprotein. SDS-PAGE analysis of the
in vitro translation products derived from the corresponding
plasmids p47/331, p332/685, and p686/960 demonstrated that
the proteins encoded by these plasmids had the same apparent
mobility as products of the autocatalytic processing of the
ORF1 polyprotein, p32, p39, and p30, respectively (Fig. 7,
lanes 2, 4, and 6, respectively). The introduction of a methio-
nine residue at the N termini of the proteins did not appear to
affect mobility. This experiment provided additional support
for the newly defined borders in our proposed cleavage map.

Processing of the p120 precursor. Analysis of the ORF1 in
vitro translation products and radiolabeled FCV-infected cell
lysates (Fig. 2) showed the presence of an approximately 120-
kDa protein (p120) that was immunoprecipitated by three dif-
ferent sera derived from the C-terminal part of ORF1 (regions
D3, E, and Pro-Pol). Thus, p120 was likely a precursor for
other intermediate and mature proteins (p30-p13-p76) ob-
served previously in studies of the C-terminal part of ORF1.
These include the p43 precursor comprised of p30 and p13 and
the p88 precursor comprised of p13 and p76 (36, 38). Although
p13 has been identified as the putative VPg and p76 as a
bifunctional proteinase-polymerase complex, the functions of

FIG. 6. Comparative analysis of virus polyprotein processing products in CRFK cells infected with cleavage site mutants. The CRFK cells were
infected at an MOI of 1 to 4 with FCV URB or with viruses recovered from plasmids pQ14 (Q14), pF65 (F65), pF3 (F3), and pF5 (F5). A
mock-infected CRFK control was included. At 3.5 h postinfection, cells were metabolically labeled with [35S]methionine for 1 h. (A) The
radiolabeled proteins were immunoprecipitated from cell lysates with anti-D3 (specific for p30) sera (lane 1, preimmunization serum; lanes 2, 3, 4,
and 5, postimmunization serum). (B) The radiolabeled proteins were also immunoprecipitated from cell lysates with anti-Pro-Pol sera (lane 1, pre-
immunization serum; lanes 2, 3, 4, 5, and 6, postimmunization serum). Asterisks denote a 60-kDa protein coprecipitated from virus-infected cells.

FIG. 7. Comparison of p39, p32, and p30 synthesized in vitro with
products produced by cleavage of the FCV ORF1 polyprotein synthe-
sized in vitro. Lanes: 1, 3, and 5, radiolabeled TNT products derived
from ORF1 clone (pTMF-1); 2, 4, and 6, radiolabeled TNT products
produced by in vitro translation of cDNA clones encoding the frag-
ments of the FCV ORF1 corresponding to aa 47 to 331, 332 to 685, and
686 to 960, respectively.
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the precursors to these proteins, if any, are not clear. A strat-
egy was designed to examine the role of proteolytic processing
and the subsequent generation of various precursors in virus
replication. Site-specific mutations were introduced into four
cleavage sites found previously in the p120 sequence. Virus
could not be recovered from cells transfected with the plasmid
pF77, which contained a mutated cleavage site between p30
and VPg (E960/A961 was changed into A960/A961). In addition,
substitution of E1071 for A1071 in the E1071/S1072 cleavage site
between the VPg and 3C-like proteinase prevented recovery of
viable virus when MVA/T7-infected CRFK cells were trans-
fected with the corresponding plasmid, pF87. However, we
were able to recover virus with growth characteristics similar to
the wild-type virus (data not shown), when we mutagenized
two internal cleavage sites in the Pro-Pol sequence, E1345/T1346

and E1419/G1420, described earlier (38), into A1345/T1346 (pF3)
and A1419/G1420 (pF5), respectively. The presence of engi-
neered mutations in the genomes of recovered viruses was
confirmed by direct sequence analysis of RT-PCR products
derived from viral RNA. Antiserum prepared against Pro-Pol
(38) was used to immunoprecipitate radiolabeled proteins
from CRFK cells infected with viruses recovered from the
plasmids pF3 and pF5. The protein profiles were similar to that
of virus recovered from the parental plasmid (pQ14) control
and to that of wild-type virus (Fig. 6B, lanes 2, 4, 5, and 6).

DISCUSSION

The goals of the present study were to complete the FCV
ORF1 cleavage map and to identify cleavage sites in the ORF1

polyprotein essential for growth of the virus. We found that the
FCV 3C-like proteinase processes the N-terminal half of the
ORF1 polyprotein at cleavage sites E46/A47, E331/D332, and
E685/N686 to yield three proteins with calculated masses of 5.6,
32, and 38.9 kDa, which we designated p5.6, p32, and p39,
respectively. In addition, cleavage at E685/N686 defines the N-
terminal border of a 30.1-kDa protein that we designated p30.
Taken together with our previous data (38), the proposed FCV
ORF1 polyprotein gene order is p5.6-p32-p39 (NTPase)-p30-
VPg-Pro-Pol (Fig. 8). Mutagenesis studies of an infectious
cDNA clone of FCV demonstrated that cleavage between each
of these gene products (with the exception of Pro-Pol) is crit-
ical for the growth of the virus.

The mature proteins identified in this study in in vitro ex-
periments were all detected in FCV-infected cells, with the
exception of the predicted protein, p5.6, encoded at the ex-
treme N terminus of ORF1. The antibodies developed against
region A, which include the p5.6 coding region, were unable to
efficiently precipitate this protein. Thus, two indirect ap-
proaches were used to prove its existence. First, mutagenesis of
the first AUG of ORF1 (which would be the initiating methi-
onine of p5.6) and the cleavage site between p5.6 and p32 in
the infectious FCV cDNA clone prevented virus recovery, in-
dicating that its synthesis and release from the N terminus are
important. It should be noted that the second AUG of ORF1
is located well within p32, and the direct mapping of the N
terminus of p32 indicates that upstream protein sequence (pre-
sumably as the C-terminal part of p5.6) would be needed to
form the E46/A47 cleavage site. The second approach involved
the incorporation of a GST tag at the N terminus of ORF1.

FIG. 8. Comparison of the genetic map of FCV ORF1 with those of other caliciviruses, SHV and RHDV. A schematic representation of
proteins encoded by ORF1 of the FCV, RHDV, and SHV genomes is shown. Protein coding sequences are drawn as boxes, with the molecular
mass of the encoded protein shown above. The locations and designations of the proteins encoded by RHDV and SHV ORF1 are adapted from
studies by Meyers et al. (22) and Liu et al. (18).
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Evidence for the production of a GST-p5.6 fusion protein was
found by immunoprecipitation analysis with anti-GST antibod-
ies. Further studies are in progress to identify and localize p5.6
in infected cells.

The next protein in the linear arrangement of the FCV
ORF1 polyprotein map was p32 (aa 47 to 331), which was
observed both in in vitro translation products derived from an
ORF1 clone and in virus-infected cells. It is likely that this
protein is an analog for the RHDV 23-kDa protein and the
45-kDa N-terminal protein of SHV (Fig. 8) (17, 43). The
amino acid similarity of these proteins ranges from 25 to 31%
and represents one of the most divergent regions of polypro-
tein sequence within and between Caliciviridae genera (6, 9, 28,
29). It was suggested that the RHDV 23-kDa protein might
have functional similarity with the 2B protein of picornaviruses
that alone or as a part of its precursor, 2BC, is involved in
membrane modifications in virus-infected cells that include
rearrangements and vesicle formation (4, 40), change in mem-
brane permeability (1, 13), and disassembly of the Golgi com-
plex (32).

The p39 (immediately following p32) contains the predicted
NTP-binding domain conserved in picornavirus 2C proteins
(10, 23). Evidence for NTP-hydrolysis activity of this protein
has been reported for RHDV and SHV (19, 27). Comparison
of the amino acid sequence of the putative FCV NTPase with
those of RHDV and SHV shows similarities of 47 and 35%,
respectively. In addition, the FCV p39 shares a structural fea-
ture with the corresponding RHDV and SHV proteins, which
is the presence of an N-terminal cluster of hydrophobic amino
acids. Of interest, transmembrane helices (33) are predicted
for aa 4 to 22 and 35 to 57 of the FCV p39. Based on their
location in the protein sequence, it is possible that this protein
is anchored to intracellular membranes via its N terminus. The
picornavirus 2C proteins also have a conserved region near the
N terminus, which is a putative amphipathic helix (26). Certain
mutations in the helix sequence affect proteolytic processing of
virus proteins and subsequent virus replication (26). In addi-
tion, deletions in this sequence in the poliovirus 2C protein
significantly lowered its ability to bind to membranes (7). The
finding of the 2C-like p39 protein in FCV membranous repli-
cation complexes (Green et al., unpublished observations) sug-
gests that this calicivirus protein is involved in virus genome
replication and might be associated with membranes.

The p30 (aa 686 to 960) is located between p39 and the VPg.
The function of p30 is unknown, and it maps to the second
most variable nonstructural protein region among caliciviruses.
Computer analysis predicts an amphipathic helix in the C-
terminal part of the protein (aa 920 to 939) (30), which might
be responsible for the association of the protein with intracel-
lular membranes. The protein can be detected in its mature
form as well as in the form of p43 precursor (with VPg) in
infected cells and in FCV membranous replication complexes
(Green et al., unpublished). It is possible, by analogy with the
picornaviruses, that p30 (as part of the p43 precursor) serves as
a membrane anchor for the VPg protein. The release of the
VPg from the p43 precursor might be dependent on several
factors, including RNA synthesis initiation, as suggested for
picornaviruses (16, 25, 39). Our mutagenesis experiments with
plasmid pF77 indicated that cleavage between p30 and VPg
was essential for a productive virus infection.

The final protein encoded in the FCV ORF1 is the 76-kDa
Pro-Pol (aa 1072 to 1763). Pro-Pol has been described previ-
ously as a stable precursor to the FCV proteinase and poly-
merase that were observed in in vitro translation studies and in
infected cells (38). Although stable complexes of the protein-
ase and polymerase were observed in in vitro studies of RHDV
and SHV, cleavage events leading to release of mature pro-
teins were identified for these two viruses only when the com-
plexes were expressed to high levels in bacterial systems (18,
42). The internal cleavage sites we previously described for the
FCV Pro-Pol in bacterial expression studies (E1345/T1346 and
E1419/G1420) would be predicted to inactivate the polymerase
by truncation of conserved functional domains (15, 38, 41).
Inactivation of these two putative cleavage sites by mutagene-
sis in the present study showed no detectable effect on viral
replication. Wei and colleagues (41) demonstrated that bacte-
rially expressed recombinant FCV Pro-Pol with an inactivated
proteinase exhibited properties expected of a replicative poly-
merase. The possibility has not been ruled out that the release
of individual FCV polymerase and proteinase proteins re-
quires the presence of certain cellular factors and that the in
vitro approaches used thus far have not allowed the identifi-
cation of an “authentic” cleavage site between these two pro-
teins. The anti-Pro-Pol serum precipitates some unidentified
minor proteins from virus-infected cells (38) (Fig. 2, lane 9),
and it is possible that these proteins could represent further
processing of the Pro-Pol protein.

The mapping and mutagenesis data defined the borders of
the “mature” virus proteins encoded in ORF1. However, it
should be noted that evidence was found for several stable
precursor proteins. First, 77- and 71-kDa precursors derived
from the N terminus were detected. These proteins are likely
processed into the p5.6, p32, and p39 proteins or the p32 and
p39 proteins, respectively. More stable potential precursors
were observed for proteins encoded by the C-terminal part of
ORF1 polyprotein. The p120 (calculated molecular mass,
118.5 kDa) precursor corresponding to p30-VPg-Pro-Pol could
be detected in virus-infected cells as early as 2 to 3 h postin-
fection (38). It is likely that this large precursor protein under-
goes further processing in at least two different ways. Data
from immunoprecipitation analysis indicates that the 118.5-
kDa protein can be cleaved into either p30 and the p88 pre-
cursor (VPg-Pro-Pol) or into the p43 precursor (p30-VPg) and
p76 (Pro-Pol).

The completion of an FCV cleavage map that was verified by
mutagenesis of the infectious FCV clone allowed a compara-
tive analysis of the cleavage sites within the FCV coding se-
quence (Fig. 9A). The FCV 3C-like proteinase exhibits strict
specificity for pairs of amino acids with E in the P1 position.
The mechanism of cleavage site recognition is not known for
caliciviruses. It was suggested that the RHDV proteinase could
have a minor preference for a large, hydrophobic amino acid in
the P2 position (42). Six of the seven mapped RHDV cleavage
sites have a phenylalanine or tyrosine residue in the P2 posi-
tion (Fig. 9B). When amino acids surrounding the cleavage
sites recognized by the FCV proteinase were compared, we
found that all of the six essential cleavage site sequences con-
tained a hydrophobic residue at the P4 position, four of these
being phenylalanine (Fig. 9A). In addition, four out of six
cleavage sites had positively charged amino acid residues (ar-
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ginine or lysine) in the P3 position. Of interest, the site be-
tween p30 and VPg has phenylalanine and a positively charged
residue next to the cleavage site sequence, but these are more
distant in positions P6 and P5. It will be interesting to examine
whether the location of these amino acids relative to the cleav-
age site influences the efficiency of cleavage by the proteinase.
A lower efficiency of the cleavage of the p43 precursor might
be associated with the control of the release of p30 and VPg.
The internal cleavage sites, E1345/T1346 and E1419/G1420, found
in the Pro-Pol protein, which were not essential for infectivity,
do not have the phenylalanine residues in adjacent positions.
Instead, their common feature is the presence of a proline-
valine pair in the P7 and P6 positions (Fig. 9A).

The sequence similarity in the cleavage sites of the capsid
precursors of canine calicivirus and FCV may, in part, explain
why the FCV proteinase was successful in processing the ca-
nine calicivirus protein (20). The E157/S158 cleavage site of the
capsid precursor of canine calicivirus has phenylalanine and
arginine residues present at the P4 and P3 positions, respec-
tively.

Proteolytic processing of the nonstructural polyprotein by
the virus-encoded cysteine proteinase is a feature common to
all caliciviruses. The finding that proteolytic processing at most
of the mapped cleavage sites in the FCV nonstructural
polyprotein is essential for virus growth indicates the impor-

tance of accurate proteolytic processing in virus replication.
Knowledge of the structural features of the cleavage sites that
facilitate recognition and cleavage by the proteinase, as well as
the structural characteristics of the proteinase itself, should
lead to a better understanding of virus replication.
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